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Contract Description

The purpose of this work is to develop techniques to overcome the fundamental

limits of present methods for high resolution spectroscopy and frequency

standards--the second order and residual first-order Doppler shifts. To this

end, we study suitable frequency reference transitions in ions which are

stored in electromagnetic traps and cooled by radiation pressure to < 1K.

Scientific Problem

The scientific problems are (1) to suppress second order and residual first

order Doppler shifts in atomic frequency standards in a fundamental wiA--by

substantially reducing the kinetic energy of ions stored ion electro-magnetic

traps, (2) to study suitable reference transitions in ions that can be used as

frequency standards, and (3) to study the problems generic to all stored ion

frequency standards. The goal is to achieve at least a factor of 100

improvement in accuracy over the present best device, the Cesium beam

frequency standard, which has an accuracy of approximately 2 parts in 1014

Scientific and Technical Approach

Laser cooling is employed on all experiments in order to suppress Doppler

shifts. Temperatures < 0.1K are routinely achieved. To avoid light shifts on

"clock" transitions we investigate "sympathetic cooling" where one ion species

is laser cooled and by Coulomb collisions cools another ion species of

spectroscopic interest. We will continue experiments on Mg' and Be' in order

to study generic problems with traps. We are developing a separate experiment

for Hg* ions. These experiments have the goal of realizing a frequency

standard with 10-15 or better accuracy.
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Summary of progress since Oct., 1986

(1) Optical Sideband Cooling and the Fundamental Limit of Laser Cooling

Achieved.

The fundamental limit of cooling for any particle which is contained by

some apparatus (the electrodynamic trap in our experiment, or the walls

of the vacuum apparatus in a neutral atom experiment) is putting the atom

in the zero point state of motion. We have achieved this (for the first

time) using single Hg+ ions.

(2) Precise Test of Quantum Jump Theory Completed.

An experiment, designed around a single Mg' ion in a Penning trap was

completed and compared with theory. This is the only high precision

comparison of theory and experiment and agreement is found to within the

experimental uncertainty. (2%).

(3) Photon Antibunching and Subpoissonian Statistics.

These characteristics of the 11 IIm 
2 P 3 /2 -

2 D 3 /2 photon emission in a

single Hg' ion have been detected via the quantum jumps of the 194 run

fluorescence from this ion.

(4) Lifetimes and Branching Ratios in Hg+ .

Lifetimes of the 2 P%, 2 D 3 /2 , 
2 D5 /2 levels and branching ratios from the

2pI and 2 D3 /2 levels are obtained solely from the statistics of quantum

jumps on the 2s 2 p transition.
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(5) Laser Cooling in Penning Traps. The theory of laser cooling in Penning

traps (complicated by the unstable rotation degree of freedom) was

completed and found to agree with our experimental results.

(6) Laser Development. Nd:FAP made to lase single frequency. This laser has

a frequency one-fourth that of the optical "clock" transition in Hg.

Since it is a solid state laser it is intrinsically more stable than the

dye lasers currently used and will be quadrupled for optical clock use.

(7) Coulomb Clusters. Liquid and Solid Plasmas. Since the limiting

systematic uncertainty in the spectroscopic experiments is still expected

to be due to Doppler frequency shifts, it is critical to understand the

ion distribution functions. As an outgrowth of these studies we have

studied the spatial correlations of laser cooled ions in both Paul (rf)

and Penning traps.

(8) Synchrotron Frequency Divider. Superconducting magnet tested. New trap

design nearly complete.

(9) Sympathetic Cooling. Achieved in superconducting magnet trap with Mg

and Be' ions. This is the first important step in achieving much higher

resolution on hyperfine structure than obtained previously.

(1) Optical Sideband Cooling and the Fundamental Limit of Laser Cooling

Achieved. In all laser-cooling experiments performed to date, cooling

has been accomplished in the regime where the oscillation or vibration

frequency w, of the particle in its confining well was less than the

natural width -y of the cooling transition. This regime also applies to

"free" atom cooling experiments such as optical molasses (w, - 0). In

recent preliminary experiments by us, laser-cooling in the sideband limit

(where w, > 7) was accomplished for the first time. Using this

technique, a single trapped Hg ion was cooled such that it spent most of -

its time in the ground state quantum level of the confining potential.

To the extent that the ion is in the zero point energy state of motion,

this realizes for the first time the fundamental limit of laser cooling

and the ideal -f an iso'lated atomic particle at rest in free space to
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within the quantum mechanical limits imposed by the surrounding

apparatus.

The ion was confined in a Paul(rf) trap and first cooled to near the

"Doppler cooling limit" of T = A7/2kB - 1.7mK by scattering 194 nm

photons on the strong 2 SI -
2 p. dipole transition. In a second step, the

194 run radiation was switched off and the 2S- 2 D5 /2 quadrupole

transition at 282 nm was driven on the resolved first lower secular

motion sideband frequency by a narrowband dye laser with an intensity of

approximately 10 W/cm2 . This radiation was derived from a frequency

doubled dye laser. The radiation bandwidth at 282 run was approximately

40 kHz. In order to enhance the speed of the sideband cooling, the 90 ms

lifetime of the 2 D 5 /2 state was reduced by driving the 
2 D5 2 - 2P 3 / 2

transition (A = 398 nm) by another frequency doubled dye laser. From the

2P 3 ,2 state, the ion rapidly decays to the 2s% ground state. The kinetic

energy of the ion after cooling was probed by measuring the excitation

probability of the 2S 2D5 /2 transition at the carrier and at the

sideband frequencies.

In a first experiment, the potential well was nonspherical and only the

axial motion at ,/2x = 4 MHz was cooled below the Doppler cooling limit.

After cooling, the excitation rate on the first upper sideband (Stokes

transition) at frequency w0 + w, was three times stronger than on the

first lower (anti-Stokes) sideband (Fig. 1). This indicates that the ion

is in the ground state (n, = 0) level of motion with approximately 2/3

probability. The kinetic energy of the axial motion corresponds to a

temperature of about 175 pK.

In a second experiment, the ion was kept in an approximately spherical

potential well (secular frequencies - 2.4 MHz) and all degrees of freedom

were cooled to near 1.7 mK by two orthogonal beams of 194 nm radiation.

From the fixed spatial orientation along the "x" axis of two laser cooled

ions in the trap it is known that the radial frequencies are

nondegenerate. Thus a sing!e 282 nm beaw diecee it an angle so that iL

is not perpendicular to any of the trap axes and overlapped in frequency
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with the first lower nondegenerate sidebands cools all degrees of freedom

simultaneously.

0

Fig. 1. Probability of absorption (vertical axis) on the lower (right) and

upper (left) sidebands of the quadrupole transitions in Hg' after sideband

cooling. The imbalance indicates the ion spends most of its time in the zero

point energy state of motion.

(2) Precise test of Quantum Jump Theory Com2leted

We have observed quantum jumps in an atomic system which is quite different

than those in which quantum jumps had been previously observed: a single laser

is used to induce spontaneous Raman transitions into and out of a ground state

shelving level. This new system has particular advantages for precisely

testing the statistical predictions of the quantum jump theory. The process

is illustrated in Fig. 2. The single radiation so'irce is tuned between a pair

of Zeeman levels of an atom or ions with a ZS4 ground state and an excited

2 P3, state. The six Zeeman sub-levels in Fig. 2 are labelled from 1 to 6 for

convenience. The frequency w of the radiation is tuned near the level 1 -

level 3 transition frequency w0 . The atom cycles nearly continuously between

these levels since the dipole selection rules allow spontaneous decay only to

the original ground level. A steady stream of fluorescence photons, which are

readily detected, is emitted by the atom during this period. However, if the

radiation is linearly polarized perpendicular to the direction of the magnetic

field, the 1 - 5 transition is also allowed, although it is far from

resonance. This transition is indicated by the dashed arrow in Fig. 2. A

spontaneous decay from level 5 can then leave the atom in the "other" ground

level (i.e. level 2). This spontaneous Raman transition into level 2 takes

the atom out of the 1 - 3 cycling loop, causing the emitted fluorescence to
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suddenly stop. The off-resonant 2-'4-1 spontaneous Raman transition (not shown

in Fig. 2) will return the atom to the cycling loop where it will resume

scattering. Consequently, the detected fluorescence will alternate between

periods of "on" and "off".

312 
6

1lt2 5 i

f w Y23 3Y

1 2 2

2S 1/2 -12 1

Figure 2. The energy level structure of the 2S4 and the 
2P3/2 states of an

atom in a magnetic field. Off-resonant excitations from level 2 and

spontaneous decay from levels 4 and 6 are not shown.

We have used a single 2A4g+ ion confined by the static magnetic and electric

fields of a Penning trap to demonstrate this process. The magnetic field in

the trap was 1.39 T, which gives a - 12007, where Ao/2 is the energy

separation between adjacent excited state sublevels and 7=(2w)43 Mlz is the

excited state spontaneous decay rate (see Fig. 2). The 3S% to 3P3 /2

transition wavelength is 280 nm for which we generated up to 200 pW by

frequency doubling the output of a dye laser. The fluorescence photons were

collected in a direction perpendicular to both the magnetic field and laser

beam directions. Because of the large collection solid angle, we were able to

detect up to 2x105 photons/s.

We have used the density-matrix formulation to determine the dynamics of the

population evolution among the six levels for this system. The system of

7



equations consists of the six population equations for P 1 1 -P 6 6 and for a

polarized radiation, there are six nonzero coherences a,3, a15 , a24, 026, P3 5

and P 4 6 . The four aii are due to direct laser coupling of a ground and an

excited level, while the two plj represent the stimulated Raman coherences

between pairs of excited levels. Upon solving the equations we found that

when a > 7,0,A (0 is the Rabi frequency of the 14-.3 transition) the evolution

for times longer than 7-1 is governed by the rates in which population is

transferred between the levels participating in the strongly fluorescing

cycling and those which do not.

Because of the off-resonance nature of the transitions between these systems,

these rates do not show the effect of saturation of the 1'-*3 transition.

Specifically, the stimulated Raman coherence P35 mediates population transfer

between the excited levels 3 and 5 which compensates for the decrease of

population in level 1 with increasing intensity. Also, because the ratio of

average on to off times <Ton>/<Toff> = 16 + O(A/a) is largely independent of

the experimental parameters (laser intensity, detuning and magnetic field

strength) we can perform a quantitative, precise test of the theory. Table I

shows a comparison of experiment with theory for seven data runs, each with a

different value of the Rabi frequency (i.e. laser intensity). The theory

which does not include the P3 5 coherence predicts that <T0 n>/<Toff> will range

between 16 for <<y and 32 for Q>>-y. Our data verifies the complete theory,

which includes the effects of coherences between excited states, to a

precision of 2%. This work is detailed in ref. 6 of 'Papers published."

(3.) Photon Antibunching and Subpoissonian Statistics

Antibunching and sub-Poissonian statistics of the 11 Am photon emission from

the 5d10 6p 2 p to 5d96s 2D31 2 transition in one and two trapped Hg+ ions have

been detected indirectly from the interruptions (quantum jumps) of the laser-

induced-fluorescence of the 194 nm 5d'0 6s 2S% to 5d'0 6p 2P. first resonance

transition.

Hg+ ions confined in a Paul (rf) trap were irradiated with narrowband, cw 194

nm radiation. The 194 nm photons emitted by the ions were detected by a

photomultiplier tube. About once in 107 times the 2 p level decayed to the
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metastable (9 ms lifetime) 2D31 2 level with the emission of an 11 pm photon,

instead of to the ground 2S% level. When this happened, the 194 n

Table I

CALCUIATED MASURED

RUN r- <TO L::> L : .) <T -'.>L .J <T,.>, 'r ,t> ,,€ Is• > : <.o

1 0.65 ± 0.09 0.67 ± 0.03 19.1 ± 0.2 16.09 15.76 ± 0.84

2 1.82 ± 0.16 0.22 0.10 25.8 ± 0.5 16.03 16.02 ± 0.67
- 0.20

3 1.89 ± 0.16 0.20 0.12 26.1 ± 0.6 16.03 15.52 ± 0.58
- 0.20

4 2.02 ± 0.16 0.84 ± 0.05 21.7 ± 0.3 16.11 16.58 ± 0.59

5 2.45 ± 0.25 1.07 ± 0.05 21.0 ± 0.2 16.13 16.13 ± 0.70

6 2.61 ± 0.20 0.60 ± 0.05 24.4 ± 0.6 16.08 17.35 ± 0.70

7 2.64 ± 0.16 0. 0 ± 0.06 25.2 ± 0.6 16.07 16.26 ± 0.69

fluorescence of that ion suddenly ceased. After the ion reached the ground

state, either by decaying directly from the 2D3 2 level or by first decaying

to the metastable (90 ms lifetime) 5d6s2 2 D_, 2 level, its 194 nm fluorescence

suddenly returned to its previous level. When a single ion was trapped, the

fluorescence was observed to switch spontaneously between a steady level and

zero. Each transition from the fluorescence-on state to the fluorescence-off

state was assumed to mark the emission of an 11 pm photon. Data were also

obtained with two ions, separated by about 3 Am. In that case, the

fluorescence switched between three values, corresponding to 0, 1, or 2 of the

ions being in a metastable level, and each transition from a higher to a lower

intensity of fluorescence was assumed to mark the emission of an 11 pm photon

from one of the ions.

Let g(2 )(r) be the normalized intensity correlation function of the 11 pm

field. Photon antibunching is said to occur if g(2)(0) < 1. Figure 3 shows
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plots of gO2)(r) for (a) one ions and (b) two ions. The solid curves are

calculated from density-matrix equations. Both the one-ion and two-ion plots

show antibunching. The two-ion curve was calculated under the assumption that

the ions acted independently.

T

O. 1 ion

0.0.
0 20 40 so so 10

1.5

0.5 2 ions

0.0 0 20 40 so "8 100

,r(mus)

Figure 3: Plots of g(2 )(1) for (a) one Hg' ion and (b) two Hg' ions. The

dots are experimental data. The solid curves are calculated.

1000 750

am1ion 60.O2 ions

:a (a) (b)0 8 1

200 150
0 - - 00 1 2 3 4 5 6 7 S 0 1 2 3 4 5 6 7 8

n n

Figure 4. Plots of the distributions of the numbers of 11 pm photons emitted

in 200 ms intervals from (a) one Hg' ion and (b) two Hg ions. The filled

circles are experimental data. The open circles are Poissonian distributions

with the same means as the experimental distributions.

Let P (At) be the probability of detecting n ii um photons in a time interval

At. Such a distribution is called sub-Poissonian if its standard deviation a

is less than its mean <n>. Mandel's Q parameter [Q=(a 2 - <n>)/<n>], a measure

of the deviation from Poissonian statistics, was measured to be -0.253 ± 0.025
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for one ion and -0.242 ± 0.025 for two ions. The negative values of Q are an

indication of sub-Poissonian statistics. Figure 4 shows NPn(At) for (a) one

ion and (b) two ions, for At = 200 ms and a total measurement time T of 400 s.

Here, N - T/6T is the total number of time intervals, so that NPn(At) is the

number of intervals in which n photoos were detected. For comparison,

Poissonian distributions with the same <n> are also shown. This work and

related statistical analyses are detailed in refs 1 and 3 of "Papers

submitted."

(4.) Lifetimes and Branching Ratios in Hi+ -

2p 11 $AM
1 -------.-.. 2D2

f, f
194 nm observed 6 nr

excitation Iflorescence 666 nm
2
D2

198 nm

2s1 2U

Figure 5. Diagram of the lowest four energy levels of Hg'. The decay rates

from all three excited levels were determined by observation of only the 194-

nm fluorescence.

The radiative decay rates of the 2D3/2 level and the 
2 DS/ 2 level in Hg" are

reflected in the probability distribution W ff of the durations of the "off"

quantum jump periods for a single ion irradiated by 194 nm radiation. A

calculation based on the rate equations for the probabilities of being in the

various levels yields

II



Woff(r) a [f 2 72 exp(--y2 r) + (f 1 7y-y 2 )exp(-7 1 r)]. (1)

Here y, and -y2 are the total radiative decay rates of the 
2 D3 ,2 level and the

2 D5 /2 level respectively and the branching ratios f, and f. are shown in Fig.

5.

The experimental fluorescence-off distribution was least-squares fitted to eq.

(1) to obtain values for y, 7f, and f1 . Figure 6 shows the data and the

least-squares fit. The values obtained from the fit are 71 = 109 ± 5s-1, y =

11.6 ± 0.4s-1, and f, = 0.491 ± 0.015. These values are in reasonable

agrcement with calculations. The value of T2 is in good agreement with

previous measurements but the value of 71 is about a factor of 2 higher than

the only previously reported value. No previous measurements of f, exist.

The measurements are described in more detail in ref. 7 of "Papers Published."

1000

0

"- 100

0.

.0 10

z .

0 100 200 300

Duration of off period (Ms)

Figure 6. Distributici of fluorescence-off periods for a single ion (dots)

and a least-squares fit (curve). These data represent an analysis of

approximately 40000 quantum jumps (up or down).

12



(5.) Laser Cooling in Penning Trans.

Previously, we have experimentally and theoretically investigated laser

cooling of single ions in Penning traps. The cooling of many ions is

complicated by increased rotation frequencies from space charge, Doppler

broadening larger than the natural width, and external torques (due for

example to field asymmetries) which can compensate the torque applied by the

laser. A new theory has been developed which includes these features. By

using numerical techniques, the steady-state temperature of an ion plasma in a

Penning trap, cooled by a laser beam perpendicular to the trap axis, is

calculated theoretically. The calculated temperature is a function of the

intensity, frequency, and position of the laser beam and of the rotation

frequency of the plasma. Temperatures of 'Be* plasmas were measured for a

wide range of experimental parameters. The measured and calculated

temperatures were in agreement. The lowest and highest temperatures were

approximately 40 mK and 2K. The results of these calculations and experiments

are discussed in Ref. 4 of "Papers submitted."

(6.) Laser Development. The radiative linewidth of the 2S- 2Ds2

transition in Hg (Fig. 5) is approximately 1.8 Hz. This transition, which we

anticipate using as the reference for an optical clock, requires a stable

narrow linewidth laser at 281 nm. Even though we have made the highest

resolution optical measurements on ions so far, we are still limited to about

30 kHz resolution (at 281 nm) because the dye laser drifts in the time

required to probe the ion. (The "fast" linewidths of the laser, i.e.,

neglecting drift, are only about 300 Hz). We can significantly reduce this

problem by using an intrinsically more stable laser and by locking the laser

to a more stable reference cavity.

As a first step, a Nd:FAP laser has been made to oscillate single

frequency at 1.126 pm. This solid state laser (Nd:FAP kindly supplied by R.

Byer, Standard Univ.) is intrinsically more stable than a dye laser because

dye jet fluctuations are avoided. By doubling this frequency twice to reach

281 nm we anticipate having a much more stable oscillator to probe the

quadrupole transition in Hg'.
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Experience on this type of laser has been gained in similar experiments

on Nd:YAG. These experiments are reported in Refs. 5 and 6 of "Papers

submitted."

(7.) Coulomb Clusters, Liquid and Solid Plasmas

With the low temperatures achieved by laser cooling, we expect the ions

in "clouds" to show spatial correlations including liquid and solid like

behavior. This behavior has wide interest in the general physics community

because it is seen or expected to be seen in many diverse circumstances

including: 2-D configurations of electrons or ions near the surface of liquid

helium, charged particles in liquid suspension which aet through a shielded

Coulomb potential, electrons in solids (Wigner crystallization), astrophysics,

in high energy storage rings, and in plasmas.

In addition to this basic physics interest, our work on this subject has

grown because the primary systematic frequency shift in spectroscopy on clouds

of ion's is still expected to be the second order Doppler frequency shift from

the ions residual motion after laser cooling. Therefore a knowledgc of the

ion's distribution functions is critical for the spectroscopy.

In one experiment, small numbers of 198 Hg+ ions were stored in a

miniature Paul trap, which has properties equivalent to those of a hyperbolic

trap with dimensions r0 = 466 um and z0 - 330 pm. The ions were laser cooled

by 1-2 pW of cw 194-nm radiation (bandwidth <2 MHz), whose beam waist was

varied between 5 and 15 pm at the position of the ions. This radiation was

tuned near the 5d10 6s 2S% - 5d'0 6p 2P. first resonance line, which has a

natural linewidth of 70 MHz. Some of the 194-nm fluorescence from the ions

was focused onto the photocathode of a resistive-anode photon-counting imaging

tube as shown schematically in Fig. 7. The positions of the photons detected

by the imaging tube could be displayed on an oscilloscope in real time or

stored by a computer in order to make time exposures.

14



IMAGE PLANE
(photocathode surface)

Z APERTURE'

LENS
SYSTEM

0~> jRING-

Pd VAC

VL V

Figure 7. Schematic drawing of the trap electrodes (to scale) and imaging

system (not to scale) for Hg+ cluster experiments. The end-cap to end-cap

separation along the z axis is approximately 625 pm. The overall

magnification of the lens system is 180x. The laser beam used to illuminate

the ions also enters the trap at an angle of 54.7 ° with respect to the z axis

and is perpendicular to the observation axis shown.

In Fig. 8, we show images obtained for a few cases of up to 16 ions. We

can characterize the ponderomotive trapping potential by the single ion

resonance frequencies Y, and Yr for the motion in the axial and radial

directions respectively. (In Fig. 8, we assume v, = Li = &*).

When &i/Ivr is made large enough, all of the ions are forced by the

strength of the potential in the z direction to lie in the x-y plane as in

Figs. 8b and d. When L.'/v is small enough, the ions lie along the z axis as

in Fig. 8c. This allowed us to count the ions. Below the images in Figs. 4,

d, e, f, and g we show the configurations obtained theoretically for each

value of the number of ions N, obtained by minimizing the function

15



(a) °

z

-9

(b) x I.

(c)/ \ .v =2

ion Lz = 0.749 MHz N = 6

cluster Lr 0.380 MHz Lz = 0.154 MHz
Lr = 0.421 MHz

( )(e)

h Vi 6 O .,' = 5

v= 0.780 MHz LZ = 0.308 MHz
•.Vr =0.347 MIHz vr = 0.376 MHz

N,=9 .V = 16

vz = 0.439 MHz Lz = 0.626 MHz
tr = 0.304 MHz vr = 0.479 MHz

Figure 8. Images of Hg* ion "clusters" in a Paul trap. In (a), the trap

electrodes are shown schematically in the same orientation as for the

remainder of the pictures, but at reduced magnification (inner diameter of the

ring electrode is - 0.9 mm). The coordinate system in (b) applies to the rest

of the images. In (d), (e), (f), and (g), we display numerical solutions for

the expected cluster shapes for the experimental values of v and &,,. The

"rings" are caused by ion circulation about the trap z axis of symmetry. In

(d), a non-fluorescing impurity ion occupies a particular ion site in the

cluster.
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E q Nj (ar2 + #Z2 + q2 , Ir - rj 11
i=l i<j

where a and are determined from the experimentally measured values of Vr and

V'. The circular images or "rings" in Figs. 8e through g are due to ion

circulation about the z axis.

In principle, it should be possible to observe ordered structures of much

larger numbers of atomic ions in Paul traps. In our trap, this was apparently

prevented for Ni ! 20 because the small amount of power available for cooling

was unable to overcome the rf heating. In rf heating, the kinetic energy of

the ion's driven motion at frequency 0 is coupled into the secular motion

characteristic of the pseudopotential well.

Note that in Fig. 8g, we see that 16 ions approximately lie on 3 rings.

The larger ring, containing 8 ions, lies in the x-y plane and the smaller

rings, each containing 4 ions, lie in planes above and below but parallel to

the x-y plane. We may also view these ions as lying on the surface of a

spheroidal shell characteristic of the structure for large numbers of ions.

We can also perform optical spectroscopy on these clusters in which case

they can be viewed as pseudomolecules. These experiments are unique partially

because we can observe each atom in the "molecule" separately. (See Fig. 9)

In Penning-type traps, where ions are confined by static electric and

magnetic fields, rf heating does not take place and large collections of ions

can be laser-cooled to temperatures less than 10 mK. Several molecular

dynamics simulations on collections of a hundred to a few thousand ions

confined in storage rings and traps show that when r > 1, the ions are

predicted to reside in concentric shells. In "clouds" of laser-cooled gBe'

ions confined in a Penning trap we have observed structures containing from 1

shell (- 20 ions) to 16 shells (= 15,000 ions).
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Figure 9. Absorption spectra of the electric quadrupole transition 2 S (mT=+4)

-
2D,1 2 (M,=4) for individual Hg ions. (a) The central part of the spectrum

for a single trapped ion. Adjacent to the carrier are Doppler-effect-

generated sidebands due to the harmonic motion of the ion in the trap.

Trapping conditions were adjusted to satisfy P,-2v.-73 kHz. The

identifications below the lines show the order of the sideband. For example,

the identification (z,r-z) denotes absorption at the frequencies v0+v, and

v0+v,-V,, where o0-1.07x10
5 Hz is the carrier frequency. (b) The quadrupole

spectrum for one of two ions, trapped along the z axis. The trapping

conditions were the same as for (a). The new lines are due to the stretch

vibration mode of the ions at frequency v;=j3v,.

9Be+ ions are trapped in the cylindrical Penning trap shown schematically

in Fig. 10. A magnetic field I = B (B = 1.92 T) produced by a

superconducting magnet confined the ions in the direction perpendicular to the

z axis. A static potential U0 between the end and central cylinders confined

the ions in the z direction to a region near the center of the trap.
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Figure 10. Schematic representation of apparatus for observation of shell

structure of strongly coupled 9Be+ ions in a Penning trap. Images are made of

the ions which are intersected by the probe beam. In the upper right, an

intensity plot vs x for a value of y intersecting the center of the cloud is

shown. Shell structure results from the boundary conditions near the edge of

the cloud.

The 9Be ions were laser cooled by driving the 2s 2S (m, = 3/2, mj = 1/2)

2p 2P3/2(3/2,3/2) transition slightly below the resonant frequency. The 313

nm cooling radiation (= 30 pW) could be directed perpendicular to the magnetic

field and/or along a diagonal as indicated in Fig. 10. A second laser (power

1 PW, beam waist - 30 pm) was used to spatially map the shell structure of
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the cloud. This probe laser was tuned to the same transition as t.,e :ooling

laser and was directed through the cloud perpendicularly to the magnetic

field. With the probe laser on continuously, the cooling laser could be

chopped at 1 kHz (50% duty cycle) and the image signal integrated only when

the cooling laser was off as shown in Fig. 10. At present, it is difficult to

make further quantitative comparisons between our data and the theoretical

calculations. For example, there is substantial uncertainty in our

measurement of r due to uncertainty in the temperature measurement. Also, the

spatial resolution is partially limited by optics. Our data do agree

qualitatively with the simulations with the exception of the presence, in some

cases, of an open cylinder shell structure as opposed to the predicted closed

spheroids. These experiments are discussed further in refs. 8 and 9 of

"Papers published."

(8) Synchrotron Frequency Divider. A first design for a trap using a

metalized ceramic construction which would make an integral trap/vacuum system

has been abandoned because of the difficulty of obtaining reliable ceramic

seals and the problem of disassembly for modifications. A design using

demountable flange is now complete and will be constructed shortly. The

superconducting magnet for this experiment has been made operational. The

graduate student on this project has recently finished classes and passed his

preliminary exams in April, 1988.

(9) Sympathetic cooling. Using Be* and Mg* ions in the superconducting

magnet system, sympathetic cooling has been achieved. Future experiments are

detailed in the proposed work section.
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